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Abstract 
Robust ultrathin polymer membranes offer significant technical and economic advantage over conventional carbon capture 
methods due to their potential for high throughput, high selectivity, and relative ease of implementation. We have been 
developing a simple, ultrathin, polymer membrane system to capture CO2 from post-combustion industrial exhaust streams. 
The approach involves nano-engineered membrane fabrication using an LLNL-developed solvent-less vapor deposition followed 
by in-situ polymerization (SLIP) process. The SLIP process vapor deposits ultrathin polymer films onto high throughput 
substrates to fabricate composite membranes. Single component gas permeation tests for PMDA-ODA films with thicknesses 
between 100-1000 nm were conducted. Permeability was found to be in the 30-100 Barrer range while maintaining CO2/N2 
selectivity of ~20:1. Membrane performance may be enhanced via improved film quality, reduced thickness, the development of 
new materials which are compatible with the SLIP process, and a modeling effort to understand the underlying transport 
phenomena within the membrane material.  
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1. Introduction 
 
Conventional approaches for capturing and separating CO2 from flue gas streams in coal-fired power plants and 
other industrial sources typically involve the use of amine or ammonia base dissolved in water, most often in the 
form of monoethanolamine (MEA). This technology suffers from multiple drawbacks, including limitations to the 
quantity of CO2 that can be absorbed and sensitivity to residual components such as oxygen. The high capital cost of 
the ancillary equipment and the large parasitic power requirements result in process economics that are unattractive.  
Consequently, a simple, high-throughput, high-selectivity membrane system that can capture CO2 in the gas phase 
from industrial exhaust streams could revolutionize carbon capture from existing power plants. 
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2. Membrane fabrication and process development 
 
The solvent-less vapor deposition followed by in-situ polymerization (SLIP) process, developed at the Lawrence 
Livermore National Laboratory (LLNL), offers a unique method for fabricating polymer membranes [1]. This 
process, which produces highly uniform coatings, is a more sustainable approach to the manufacture of membranes. 
In the SLIP process the selective layer is vapor deposited onto the high throughput substrate. This eliminates the 
need to use and manage solvents and large quantities of contaminated water [2]. The overall carbon footprint of the 
final membrane is reduced since the selective layer undergoes solid-state polymerization while simultaneously being 
deposited onto the substrate.  Some additional advantages SLIP offers over traditional membrane fabrication 
processes are that: (1) the polymer used in the selective layer does NOT need to be soluble and (2) there is no 
residual solvent in the final selective layer [2]. Residual solvent tends to adversely impact transport and separation 
properties of the coating. Using the SLIP process, very thin composite membranes with discriminating layers from 
50–500 nm, can be fabricated. 
The coating system (Figure 1) consists of two evaporation chambers, each containing a quantity of monomer. 
The monomers vaporize and flow through a mixing nozzle and eventually are deposited onto the substrate surface 
and react to form a polyamic acid coating [3]. The correct stoichiometry is achieved by controlling the temperature 
of the monomer evaporators. The sample is then removed from the coating apparatus and imidized in a dry nitrogen 
oven to form the final polyimide film. 
 
For thin-film gas separation membrane applications, we focused on two polyimide materials, each deposited 
individually onto a substrate membrane: 
 
1. PMDA-ODA based on the reaction of pyromellitic dianhydride (PMDA) and oxydianiline (ODA). 
2. 6FDA-ODA based on the reaction of 5,5’-[2,2,2,-trofluoro-1-(trifluoromethyl) ethylidene] bis-1,3-
isobenzofuranedione (6FDA) and oxydianiline (ODA) 
 
The substrate material used for these composite membranes was a commercially available amorphous 
fluoropolymer. As is the case with most substrates, it exhibits extremely high permeabilities; however, it suffers 
from poor CO2 selectivity. The discriminating layer is the SLIP deposited polyimide which provides the necessary 
selectivity. 
 Polyimide layer thickness vs. deposition time correlations were developed by utilizing witness samples 
alongside the coated membranes.  These samples consisted of either small segments of silicon or glass coated with 
the polyimide.  Thickness was subsequently measured using standard profilometry techniques.  For the PMDA-
ODA coatings, deposition rates were found to be 11 nm/sec while 6FDA-ODA layers were deposited at a rate of 2.5  
 
Dianhydride Diamine 
 
  
Figure 1. Schematic of the SLIP process and a photograph of the coating chamber. SLIP reduces the number of steps 
in the membrane fabrication process and eliminates the need to handle and dispose of solvents [1-3]. 
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nm/sec. The existing SLIP technology enables 
samples to be reliably fabricated with 
thicknesses ranging from 10,000 nm down to 50 
nm.  In order to minimize the potential impact 
of defects, typically both sides of the substrate 
were coated. 
Advancements in the imidization process 
were also achieved.  Figure 2 outlines how the 
dianhydride (PMDA in this case) reacts with the 
diamine (ODA in this case) to form a polyamic 
acid. The polyamic acid is typically then heated 
to 300°C in order to convert the polyamic acid 
to the final polyimide.  However, the amorphous 
flouropolymer substrate could not withstand 
heating to 300°C, therefore achieving 
imidization at temperatures below the substrate 
glass transition temperature of ~220°C became a 
priority. A parametric study of PMDA-ODA 
imidization temperatures revealed that complete 
imidization could be achieved at temperatures as 
low as 140°C.  As a result, a baseline condition 
of 180°C was adopted as the imidization 
temperature for all PMDA-ODA samples. 
However, complete imidization below the substrate glass transition temperature was not achieved for any of the 
6FDA-ODA samples. The inability to achieve complete imidization of the 6FDA-ODA eliminated this material as a 
candidate for the selective layer in the current composite membrane. 
The primary film characterization tool utilized in this study was Fourier Transform Infrared Spectroscopy 
(FTIR).  This was used to monitor the degree of imidization of the films.  The infrared spectrum of the pre-imidized 
film deposited onto the amorphous fluoropolymer substrate, along with the infrared spectrum of the same sample 
post-imidization, is shown in Figure 3. The imidization process can be monitored by following the growth of the 
1720 cm
-1
 band and the reduction of the 1650 
cm
-1
 band. The 1720 cm
-1
 band is attributed to 
the carbonyl stretch of the imide, whereas the 
1650 cm
-1
 band is attributed to the carbonyl 
stretch of the carboxylic acid group of the 
polyamic acid. 
 
3. Permeation test apparatus 
 
To obtain permeation data on the fabricated 
composite membranes, a simple test facility has 
been assembled. The system includes a 
pressurized upstream volume, a membrane 
fixture, and a downstream evacuated volume. 
Both the upstream and downstream volumes are 
instrumented with MKS Baratron pressure 
sensors. As gas permeates through the 
membrane, the pressure in the downstream 
volume is monitored over time and 
permeability is calculated. The permeability of 
the membrane can be determined from, 
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Figure 2. Reaction of dianhydride (PMDA) with diamine 
(ODA) to form polyamic acid. Polyamic acid is then heated to 
imidize and form polyimide. 
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Figure 3. Infrared spectra of the deposited PMDA-ODA films. 
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The system is capable of operating with only a single gas 
feed stream but multiple gases can be tested individually.  
The ratio of gas permeabilities yields the selectivity of one 
gas to another. Figure 4 shows a schematic of the apparatus. 
 
4. Permeation test results 
 
The composite membranes fabricated with PMDA–ODA 
coatings on amorphous fluoropolymer substrates showed 
promising results. PMDA–ODA films in the 100–400-nm 
thickness range showed the best combination of permeability 
and selectivity. Figure 5 illustrates the relationship between 
the thickness of the PMDA–ODA layer and the resulting 
CO2 permeability and CO2/N2 selectivity. Two distinct trends 
are apparent: (1) CO2 permeability decreases with increasing 
thickness of PMDA–ODA and (2) CO2/N2 selectivity 
increases with increasing thickness of the 
PMDA–ODA layer. The maximum permeability 
achieved for these samples was 75 Barrer
1
 while 
the maximum CO2/N2 selectivity was 24. This 
inverse relationship between PMDA-ODA 
thickness and selectivity may be the result of 
reduced film quality as thickness decreases or is 
possibly a fundamental physical tradeoff in these 
composite systems. 
For comparison, data for bulk PMDA–ODA 
(fabricated via conventional methods) and for the 
uncoated amorphous fluoropolymer substrate are 
shown in Figure 6. The composite membrane 
shows a combination of the desirable properties 
of the two constituent materials—relatively high 
permeability (resulting from the thin nature of the 
polyimide coating) characteristic of the substrate 
and the high CO2/N2 selectivity of the polyimide. 
 
1 One Barrer is defined as 10-10 cc(STP)cm /cmHg cm2 
 
Figure 4. Schematic of permeation test apparatus. 
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Figure 5. CO2/N2 selectivity and CO2 permeability vs. PMDA-
ODA layer thickness. 
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5. Future Work 
 
Thin-film polymer composite 
membranes for carbon capture will be 
advanced via a combined program of 
new materials development, fabrication 
process improvement, molecular 
modeling, and multi-component gas 
testing.  This will drive our SLIP-based 
membrane technology closer, and 
possibly past, the Robeson empirical 
upper limit for membrane gas separation 
performance [4-6].  Figure 7 shows the 
current SLIP composite membrane 
performance for CO2/N2 separations as 
compared to the Robeson limit. 
New materials development for 
composite membranes will consist of 
both advanced high throughput 
substrates and alternate materials for the selective thin-film.  Substrate materials with high glass transition 
temperatures will be more compatible with the imidization process and allow for a broader array of possible SLIP 
deposited materials. 
In searching for and testing new polymer materials for this application, molecular modeling will serve as a useful 
guide. For successful design and optimization of membrane performance, correlations between gas permeability and 
the underlying polymer structure must be established. We plan to conduct molecular modeling using LLNL’s world-
class capabilities. Through a full atomic-level representation of the SLIP membranes, molecular modeling makes it 
possible to study the combined flow of gases and standard thermodynamic parameters like temperature and pressure. 
Such modeling efforts in conjunction with well designed experiments should lead to useful insights and provide 
valuable guidance toward designing membranes that are optimized for both high permeability and high CO2 
selectivity. 
In addition, more sophisticated testing of these composite membranes will be conducted. This will be 
accomplished by establishing a mixed gas testing apparatus so that permeation experiments with binary and tertiary 
mixtures can be conducted.  Downstream sample collection and subsequent analysis with a calibrated FTIR and 
infrared absorbing gas analyzer are planned. This will 
provide a more realistic assessment of permeability and 
selectivity. These same testing capabilities can be used to 
probe the performance of the SLIP composite membranes 
with contaminants such as NOx and SOx as well as with 
more realistic exhaust gas streams which may include water 
and particulate matter. 
 
6. Summary 
 
We have utilized a new fabrication process, solvent-less 
vapor deposition followed by in-situ polymerization (SLIP), 
to fabricate ultrathin polymer membranes for post-
combustion carbon capture.  The SLIP process provides the 
capability to deposit CO2 selective polyimide films as thin at 
50 nm onto high permeability substrates without the use of 
solvents.  Our composite membranes consist of 100-400 nm 
of PMDA-ODA deposited onto a high throughput 
amorphous fluoropolymer substrate.  Selectivities of 24:1 
for CO2/N2 systems and permeabilities as high as 74 Barrer 
were measured.  With a combined program of new materials 
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Figure 6. CO2/N2 selectivity vs. CO2 permeability for SLIP composites 
compared to conventionally processed constituent materials. 
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Figure 7. Comparison of SLIP performance to 
Robeson’s upper limit. 
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development, multi-component gas permeation testing, and molecular modeling, we expect to approach and possibly 
exceed, Robeson’s upper limit for membrane performance. 
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